The agricultural area in the Po Valley is prone to high nitrous oxide (N 2 O) emissions as it is characterized by irrigated maize-based cropping systems, high amounts of nitrogen supplied, and elevated air temperature in summer. Here, two monitoring campaigns were carried out in maize fertilized with raw digestate in a randomized block design in 2016 and 2017 to test the effectiveness of the 3, 4 DMPP inhibitor Vizura ® on reducing N 2 O-N emissions. Digestate was injected into 0.15 m soil depth at side-dressing (2016) and before sowing (2017). Non-steady state chambers were used to collect N 2 O-N air samples under zero N fertilization (N0), digestate (D), and digestate + Vizura ® (V). Overall, emissions were significantly higher in the D treatment than in the V treatment in both 2016 and 2017. The emission factor (EF, %) of V was two and four times lower than the EF in D in 2016 and 2017, respectively. Peaks of NO 3 -N generally resulted in N 2 O-N emissions peaks, especially during rainfall or irrigation events. The water-filled pore space (WFPS, %) did not differ between treatments and was generally below 60%, suggesting that N 2 O-N emissions were mainly due to nitrification rather than denitrification.
Introduction
Nitrous oxide (N 2 O) is a greenhouse gas (GHG) with a global warming potential 265 times greater than carbon dioxide in 100-year time frame [1] , accounting for 6.42% of the retained global radiative forcing [2] . The dominant sources of N 2 O are closely related to microbial processes of nitrification and denitrification, which occur in soils, sediments and water bodies [3] .
Agricultural soils are the main anthropogenic source of N 2 O. The magnitude of the gas emissions is due to mineral N-fertilizer and manure application rate [4] , particularly relevant in over-fertilized systems [5] . The rate of the N 2 O emissions is often controlled by the type of cropping system and soil properties [6] . N 2 O emissions from soil are indeed affected by different factors as water-filled pore space (WFPS), surface temperature, pH, organic matter, C:N ratio, available C and N, residue management, fertilization practices, soil tillage and crop rotation [7] [8] [9] [10] [11] [12] . Temporal variability in N 2 O emissions occurs over different time scales, the year, the growing season and over the day [13] . This variation is due to the magnitude of the driver factors that affect the emissions [14] and is further complicated by fertilizer spreading, the spreading method and the type of fertilizer used [15] . Significant peaks in the emission can typically occur between 0 and about 21 days after spreading, often triggered by rainfall [16] .
To attain high nitrogen use efficiency with organic fertilization, matching the timing of the application with the plant needs is essential but often difficult to achieve. Adequate amounts of N available for plants must be present during the periods of high N demand, whereas minimal amounts of N should be present during periods of little N uptake [17] .
Among organic fertilizers, the post-digestion liquid from a biogas plant, namely digestate, can be used either in a liquid or solid form since it contains considerable amounts of mineral elements (nitrogen-N, phosphorus-P, potassium-K). The liquid form of digestate resembles a mineral fertilizer in terms of promptness of the elements' absorption by plants, since N, P and K elements are easily available [18] . Solid fraction of digestates can be applied directly as organic fertilizer [19] or after treatments (e.g., composting, pellets). During the digestion process, the breakdown of labile C may reduce soil N immobilization following digestate application, resulting in an increase of N availability with possible losses [20] . Organic fertilizers, as well as mineral fertilizers, are subjected to loss of nitrogen use efficiency due to nitrogen gaseous emissions and nitrate leaching. To increase the nitrogen use efficiency, different strategies can be applied, such as specific application techniques and equipment (e.g., trailing shoes, disc injector, tine injector) and the use of nitrification inhibitors (NIs). The use of NIs has been found to reduce N 2 O emissions from liquid manure and synthetic N fertilizers [21] [22] [23] and increase the nitrogen use efficiency of fertilizers [24] . Most NIs retard microbial oxidation of ammonium (NH 4 ) by depressing the activities of nitrifying bacteria in soil. Therefore, mineral N is stabilized in the rather immobile form of NH 4 instead of being transformed to nitrate (NO 3 ), a highly mobile form which provides a much greater potential for leaching from the rooting zone or gaseous emission in the form of N 2 O [24] . Nitrification inhibitors were shown to effectively reduce N 2 O emission from short-term fertilization experiments with both mineral and organic fertilizers from grassland and arable soils [25] .
Many compounds have been tested as nitrification inhibitors, but only a few are commercially available, with dicyandiamide (DCD) and 3,4-dimethylpyrazole phosphate (DMPP) being the most common [26] . Application of nitrification inhibitors with several ammonium-based fertilizers has been shown to decrease N 2 O emissions [27] [28] [29] . DMPP inhibits NO 3 conversion from NH 4 by depressing Nitrosomonas bacteria activity in the oxidation of ammonia to nitrite in the nitrification process. As a consequence, N 2 O emissions from nitrification and nitrate leaching are reduced over a period of 4-10 weeks even at very low rate of DMPP application (0.5-1.5 kg DMPP ha-1) [30, 31] showed that the risk of negative effects on microbial activity associated to DMPP availability in soil is extremely low even at application rates up to 25 to 90 times higher than those typically used in the field. Similar results were found by Reference [32] , wthe authors of which carried out extensive ecotoxicology tests on rats, fishes, water fleas, algae, heterotrophic soil, and water bacteria. In a recent study on DMPP accumulation in clover, Reference [33] found that DMPP was accumulated mostly in leaves, although toxic effects were observed only at very high application rate (i.e., 100 mg kg −1 soil).
The DMPP addition to digestate, which was injected into the soil under controlled conditions, decreased in cumulative N 2 O emissions by 17-70% [30, 34] proposed DMPP as an inhibitor alternative to DCD or Nitrapyr since it requires low application rate, is non-hazardous, and can be added to slurry.
When DMPP was added to dairy slurry and injected into grassland soil, it was found to reduce N 2 O loss by 32% [35] . Compared to DCD, DMPP resulted in less N 2 O emissions [36] and led to higher dry matter yield of annual ryegrass in a study where these inhibitors were mixed with cattle slurry [37] . Different techniques are available to quantify the magnitude of the N 2 O emissions (e.g., micrometeorological, soil profile chamber technique). Among these, in the last 40 years [38, 39] static chambers (or "non-flow-through non-steady state", NFT-NSS) have been the most commonly used method for measuring N 2 O emissions from agricultural soils. This technique is relatively inexpensive, allows repetition and direct comparison of treatments, is versatile in the field the technology is very easy to adopt, and it does not require large experimental areas [40, 41] .
Under the hypothesis that nitrification inhibitors contribute to mitigate N 2 O emissions from digestate application, the effect of DMPP inhibitor mixed with raw digestate was assessed in this study. With this aim, two monitoring experimental field monitoring campaigns were carried out in side-dressing and pre-sowing fertilization of maize, in 2016 and in 2017, respectively. N 2 O emissions were quantified following the fertilization of maize with the application of raw digestate (D), raw digestate + DMPP-based product Vizura ® (V) and no fertilization (N0). NFT-NSS chambers were used to measure N 2 O emissions. The case study was in the Po Valley, a large cultivated area in the northern part of Italy, which is characterized by intensive and irrigated cropping systems where high N-fertilizer rates [42, 43] , together with atmospheric N deposition, often result in N surplus [44] .
Materials and Methods

Experimental Site
Two experimental field trials were carried out for measuring N 2 O emissions after side-dressing and pre-sowing fertilization under irrigated maize, in 2016 and 2017, respectively. The two field trials were located in Valera Fratta (Italy, 45 • 15'53"N, 9 • 19'44"E, 78 m a.s.l.). Three fertilization treatments were applied in a randomized blocks design: non-fertilized plot (N0), raw digestate (D) and raw digestate + DMPP-based product Vizura ® (V), were disposed in a randomized block design with 3 replications per treatment. A field area of 800 m 2 for 2016 and 952 m 2 for 2017 was split into three equal size blocks within which the three treatments were randomly applied, for a total of 9 plots per field trial and year. The experiments lasted for about 30 days, from June 9th to July 8th 2016, and from July 11th to August 8th in 2017. The raw digestate was applied on the first day of the monitoring campaigns. Maize crop (Zea mays L.) was sown on May 5th 2016 (DeKalb DKC7428) and July 11th 2017 (DeKalb DKC3440). The nitrification inhibitor, a DMPP-based product Vizura ® (BASF, SE), was mixed with the digestate just before the injection, with the recommended rate of 2 L ha −1 . This rate was recognized to depress soil nitrifier bacteria on 1 ha area. Digestate was applied with injectors directly linked to the backside of the slurry tank and operating at 0.15 m depth. During the side-dressing fertilization in 2016, the fertilizers were injected into the soil between the maize rows with a slurry chisel injector at the stage 37 of the BBCH (Biologische Bundesantalt, Bundessortenamt and Chemische Industrie) phenological scale, which codifies the main phenological stages of cereals and dicotyledonous crops [45] . In 2017, digestate was applied prior to maize sowing with a tines harrow injector. In both 2016 and 2017, the injector was used also in the N0 plots without digestate injection to cause the same soil physical disturbance in the three treatments. The amount of total nitrogen (Kjeldahl) added by the digestate was 61 kg N ha −1 and 238 kg N ha −1 in 2016 and 2017, respectively. The ammoniacal nitrogen content was determined by manual distillation-titration and corresponded to 45.6% (27.8 kg NH 4 -N ha −1 ) and 70.4% (167.6 kg NH 4 -N ha −1 ) of the total applied nitrogen in 2016 and 2017, respectively. Principal chemical and physical soil properties for both the experimental fields are reported in Table 1 . Experimental fields had sandy loam and loam textures, for 2016 and 2017 respectively. In both fields, pH was neutral and the total soil N content, which was determined with the Dumas method (elemental analyzer NA 1500, Carlo Erba, IT), was 1.76 and 2.26 g N kg −1 , respectively in the two experimental fields. Meteorological data were collected by a standard weather station from the Lombardy Region meteorological service (ARPA) in a nearby location three km away from the experimental fields.
N 2 O-N Emissions
N 2 O-N Field Sampling
Non-steady-state chambers were used to collect N 2 O air samples. The chambers, 0.3 m length × 0.3 m width × 0.3 m height, were built according to the method reported in detail by Reference [46] and applied by various authors before [47, 48] in pedoclimatic and management conditions similar to our sites. We used three chambers (i.e., three sub-replicates along a transect within the plot) for each of the nine plots. This number of replicates has been recognized as effective in capturing the spatial variability of the emission rates [46] . During each sampling event, chambers were placed on a plastic frame coated with a silicon seal to ensure the continuity with the camber and avoid air exchanges. The frames were positioned between the maize rows and fixed into the soil before the start of the monitoring period and remained until the end of the trial.
Chambers were made with inert material (polypropylene) and the dimensions, especially the height, where chosen according to the duration of the sampling event. Moreover, the chambers were thermally insulated to avoid temperature and pressure variation during the sampling. With the purpose of homogenizing the inner air in the chamber, each chamber was equipped with a fan system was inserted under the ceiling. The fan was activated by a 12 V battery manually handled during the sampling. Gas samples were taken by means of a syringe connected with a tube and a valve equipped with a Luer Lock system.
In each sampling event, chambers were placed on the frame and air samples were collected at three intervals: 0, 20 and 40 min. Prior to each sampling interval, the fan system was run for 10 s and the connection tube and valve were cleaned to evacuate non-representative gases. For each sampling interval, a volume of 30 mL of inner air was collected by 60 mL syringe and transferred into a 12 mL under vacuum LabcoExetainer ® glass vial. These operations-mixing, cleaning and taking sample-were performed for each chamber and sampling interval, with a total of 21 inner air samples were taken for each sampling date, 11 in 2016 and 12 in 2017. For each sampling date, samples were taken around 11 a.m. at the mean daily air temperature. Since samples were not collected every day, emissions were calculated by linear interpolation between the sampling dates to estimate the cumulative N 2 O emissions [49] .
The concentration of N 2 O, together with CH 4 and CO 2 (ppmv) were quantified for all the collected samples by means of an automated gas chromatograph (Agilent mod. 7890A ECD/TCD/FID) equipped with thermal conductivity, an electron capture detector for N 2 O, and a flame ionization detector for CH 4 determination. Chambers were rigorously designed and samplings were well conducted as suggested by the trend of the CO 2 concentration inside the chamber (data not reported), which generally increased during the samplings. This indicates that no gaseous exchanges towards the surrounding atmosphere occurred, since the CO 2 accumulation derived from the microbial activity in the explored portion of the soil.
N 2 O-N Emissions Calculation
According to the measurement set-up adopted in the field studies, for which three chambers were used for sampling under each treatment, a linear regression scheme [48] was adopted to calculate N 2 O emissions for each chamber (Equation (1)):
where F is the flux (µg N 2 O-N m −2 s −1 ) from the source, C is N 2 O concentration (µmol mol −1 ), t is the time (s), p is the atmospheric pressure (Pa, constant), V is the headspace volume (m 3 ), R is the universal gas constant (8.3145 m 3 Pa K −1 mol −1 ), T is the ambient air temperature (K) and A is the surface area enclosed by the chamber (m 2 ). The linear regression approach uses the slope obtained from least-squares linear regression of C versus t to estimate δC and δt to be used in Equation (1). At the end of each monitoring campaign, the Emission Factor (EF) was calculated by Equation (2) to define the percentage of nitrogen lost via nitrous oxide emission:
where T x and N0 represent respectively the cumulative N 2 O-N (kg ha −1 ) emitted from the fertilized plots-D or V-and non-fertilized plot-N0-at the end of each monitoring campaign, while N tot (kg N ha −1 ) is the total amount of nitrogen supplied with digestate.
Bulk Density, Soil Nitrate Content, and Water-Filled Pore Space (WFPS)
Bulk density (BD) was measured at different soil depths at the beginning of the field campaigns as it is an indicator of soil compaction, which can cause anaerobic conditions and, ultimately, N 2 O-N emissions from denitrification. For each treatment, BD was measured by sampling soil cores every 0.05 m soil depth until 0.25 m depth. The core sampling required a volumetric cylinder (0.05 m diameter and 0.05 m height) to be inserted into the undisturbed soil. The collected samples were then dried at 105 • C until stable weight. Bulk density was calculated as function of the soil dry weight and the inner volume of the cylinder.
As the soil NO 3 -N concentration and the WFPS are also recognized to drive the N 2 O emissions, the top soil layer (down to 0.3 m) was sampled to determine NO 3 -N and water content during the two monitoring campaigns. The sampling frequency was every two days over the first two weeks and then every five days until the end of the campaigns. Soil samples were analyzed without drying, after storing at 5 • C. Soluble and exchangeable NO 3 -N was extracted with a solution of 1 M KCl (extraction ratio 1:3). Suspensions of each derived sample were then prepared by filtration through Whatman n.2 filter paper (Whatman International Ltd., Maidstone, England). NO 3 -N concentration was then determined through the flow injection analysis and spectrometric detection (FIAstar5000 Analyzer, Foss Tecator, Hillerød, Denmark). The soil samples water content (g g −1 ) was determined to calculate the dry weight of the extracted soil. The gravimetric water content (GWC) was used to calculate the WFPS, which was determined as follows (Equation (3)):
where GWC is the gravimetric water content determined of the oven-dried soil (g g −1 ), BD is the soil bulk density (g cm −3 ), 2.65 is the particle density (g cm −3 ).
Statistical Analysis
A bootstrap-based method, proposed by Reference [50] , was applied to estimate the standard deviation of the cumulated N 2 O emissions for each plot. A repeated measure mixed model was used to test the effect of the treatments on the daily N 2 O-N emissions, bulk density, NO 3 -N content, and WFPS over the two monitoring campaigns, splitting the dataset by year and using the repeated measures for considering the correlation between data measured in consecutive dates. The mean comparison was performed with the Tukey post-hoc test. The statistical analysis was executed with IBM SPSS 24.0.
Results
Weather Conditions
Mean daily air temperature, precipitation, and irrigation amounts are displayed in Figure 1 . In 2016, two trends of mean daily temperature were detected, one from the beginning of the experimentation until June 20th (i.e., 20.8 ± 0.97 • C), and the second from this date to the end of the trial (i.e., 25.9 ± 0.94 • C). In 2017, mean daily air temperature was 26.2 ± 1.8. 
N2O-N Emissions
The daily N2O emissions are shown in Figure 2 . Over the monitoring campaign in 2016, the average emissions were significantly higher in the D treatment than in the V treatment (p < 0.001). D treatment showed three peaks of emission of decreasing intensity on June 15th, 20th and 30th, while V treatment showed an increase of the emission after the application and described a main peak in correspondence of June 20th, to decrease afterwards to emissions close to the N0 treatments. Values determined for non-fertilized plot N0 were always lower than for the other treatments. For all the treatments, the emissions from July 4th toward the end of the experiment attained similar values. The total amount of water received by the crop in the measurement period during 2016 was 69 mm, of which 29 mm was rainfall and 40 mm was irrigation water in 2016, while in 2017 the amount of water was 72 mm (25 as irrigation water). In 2016, rain occurred five times in the first week after the fertilization. In 2017, seven rain events occurred over the 21 days after the fertilizer application. Irrigation water was applied once in both years, by surface application in 2016 and by a sprinkler method in 2017.
N 2 O-N Emissions
The daily N 2 O emissions are shown in Figure 2 . Over the monitoring campaign in 2016, the average emissions were significantly higher in the D treatment than in the V treatment (p < 0.001). D treatment showed three peaks of emission of decreasing intensity on June 15th, 20th and 30th, while V treatment showed an increase of the emission after the application and described a main peak in correspondence of June 20th, to decrease afterwards to emissions close to the N0 treatments. Values determined for non-fertilized plot N0 were always lower than for the other treatments. For all the treatments, the emissions from July 4th toward the end of the experiment attained similar values.
Agronomy 2019, 9, x FOR PEER REVIEW  8 of 19 treatments (July 22nd), matching in magnitude the constantly decreasing emission observed for D. A third increase of the daily emission was observed for the V treatment of the same magnitude of the previous. N0 followed the trend of V, remaining on lower values during the first peak (July 14th) and
matching the D and V treatments on July 22nd. From July 31st onward, the treatments resulted in similar emissions. In 2017, a first and main emission peak was observed on July 14th for all the treatments. The greatest peak was measured for the D treatment (2.3 times higher than the V treatment) ( Figure 2 ). After this main peak the emissions dropped with a slower reduction over time for the D in comparison with the N0 and V treatments. A second emission peak was observed only for V and N0 treatments (July 22nd), matching in magnitude the constantly decreasing emission observed for D. A third increase of the daily emission was observed for the V treatment of the same magnitude of the previous. N0 followed the trend of V, remaining on lower values during the first peak (July 14th) and matching the D and V treatments on July 22nd. From July 31st onward, the treatments resulted in similar emissions.
The cumulative N 2 O emissions (Figure 3) were determined by linear interpolation between the N 2 O daily emissions. In both years, the V treatment resulted in lower N 2 O-N cumulated emissions than the D treatment, 50% and 81% lower in 2016 and 2017, respectively. Overall, the cumulative N2O-N emissions dramatically decreased from D to V (Figures 3  and 4 ). These differences resulted in different emission factors (EF) ( Table 2 ). Overall, the cumulative N 2 O-N emissions dramatically decreased from D to V (Figures 3 and 4 ). These differences resulted in different emission factors (EF) ( Table 2) . The WFPS did not significantly vary between treatments either in 2016 or in 2017 (p = 0.36 and p = 0.72, respectively). As expected, increases in WFPS were observed in response to water input, from rainfall or irrigation. In 2016, the values ranged between 33% and 59%, with an average value of 39%.
In 2017, values were higher on average (51%) and ranged between 42% and 69%. (Figure 5 ). 
Bulk Density, NO 3 -N Content, and WFPS
The value of BD for each sampling layer and for each treatment and year are shown in Table 3 . The values increased with the depth in both 2016 and 2017 trials, whereas within the same year, no significant differences were found between treatments (p = 0.46). The NO 3 -N content in 2016 was not different among the treatments (p = 0.25). At the beginning of the monitoring experiments the concentration was higher in D than in N0 and V. Soon after, the content decreased until reaching the value of N0 and V (Figure 4 ). After June 20th, when mean daily air temperature increased, an increase in the NO 3 -N concentrations was detected in the three treatments, with different magnitudes.
In 2017, the NO 3 -N content in the soil was significantly higher in D compared to V and N0 (p < 0.01), while V and N0 did not differ between them (Figure 4) . At the beginning of the field trial the NO 3 -N concentration were higher on average compared with the ones measured in the field of the 2016 trial. This can be due to the higher N rate applied in this field trial, which was four times higher than 2016. In contrast to the data observed in 2016, high concentrations of NO 3 -N at the beginning of the trial caused an immediate emission peak of N 2 O-N in all three treatments, with its magnitude being proportional to the NO 3 -N content, after a delay of a couple of days.
The WFPS did not significantly vary between treatments either in 2016 or in 2017 (p = 0.36 and p = 0.72, respectively). As expected, increases in WFPS were observed in response to water input, from rainfall or irrigation. In 2016, the values ranged between 33% and 59%, with an average value of 39%. In 2017, values were higher on average (51%) and ranged between 42% and 69%. (Figure 5 ). The mean daily N2O-N emissions (g ha −1 d −1 ) are plotted against the mean daily WFPS in Figure 6 . Both N2O-N emissions and WFPS were calculated as mean across treatments for both 2016 and 2017. WFPS was often lower than 60% and N2O-N emissions peaks occurred in the WFPS range between 50% and 70%, with higher frequency at WFPS equal to 50%. The mean daily N 2 O-N emissions (g ha −1 d −1 ) are plotted against the mean daily WFPS in Figure 6 . Both N 2 O-N emissions and WFPS were calculated as mean across treatments for both 2016 and 2017. WFPS was often lower than 60% and N 2 O-N emissions peaks occurred in the WFPS range between 50% and 70%, with higher frequency at WFPS equal to 50%. 
Discussion
The maximum differences between D and V in daily N2O emissions were observed in the first week after digestate injection in both years, suggesting the remarkable effect of Vizura ® in reducing the N2O-N emissions (Figure 2) . The time lapse between the fertilizer application and the appearance of the first N2O-N peak suggests that a couple of days are required to activate nitrification. The effect of the DMPP to reduce the nitrification is evident when comparing V with D, especially in the rise of N2O-N emissions detected in July 18th 2017. The slower nitrification rate soon after the digestate injection in V resulted in higher NO3-N availability later in the season when compared to D.
Conversely, the higher emissions found in V on July 20th can be explained by the fact that the availability of NH4 was presumably higher in this treatment compared to D, where it was earlier consumed.
The time lapse between the application of the fertilizer and the N2O-N peak in 2016 for D and V could be explained by the development of the microbial community responsible for N2O emission process. In this regard, Reference [51] observed that there is a time-lagged induction in N2O emissions, which was possibly caused by slow population growth of nitrifiers and/or by a slow shift in community of ammonia oxidizers. The cumulative N2O emissions grew differently in D and V treatments over the whole experiment. We considered this behavior as a clear effect of DMPP-based product in reducing the nitrification activity and consequently the N2O-N emissions. This result agrees with the outcome of many authors [25, 35, 52, 53] . At the end of the 2016 experiment, the cumulative N2O-N emissions measured in V was approximatively 50% lower than in D. This phenomenon suggested that the effect of DMPP was still present. This finding agrees with the effects observed by Reference [54] , who found low and stable NO3-N concentrations and increasing NH4-N concentration over 120 days after the application of DMPP and ammonium sulphate nitrate. 
The maximum differences between D and V in daily N 2 O emissions were observed in the first week after digestate injection in both years, suggesting the remarkable effect of Vizura ® in reducing the N 2 O-N emissions (Figure 2) . The time lapse between the fertilizer application and the appearance of the first N 2 O-N peak suggests that a couple of days are required to activate nitrification. The effect of the DMPP to reduce the nitrification is evident when comparing V with D, especially in the rise of N 2 O-N emissions detected in July 18th 2017. The slower nitrification rate soon after the digestate injection in V resulted in higher NO 3 -N availability later in the season when compared to D. Conversely, the higher emissions found in V on July 20th can be explained by the fact that the availability of NH 4 was presumably higher in this treatment compared to D, where it was earlier consumed.
The time lapse between the application of the fertilizer and the N 2 O-N peak in 2016 for D and V could be explained by the development of the microbial community responsible for N 2 O emission process. In this regard, Reference [51] observed that there is a time-lagged induction in N 2 O emissions, which was possibly caused by slow population growth of nitrifiers and/or by a slow shift in community of ammonia oxidizers. The cumulative N 2 O emissions grew differently in D and V treatments over the whole experiment. We considered this behavior as a clear effect of DMPP-based product in reducing the nitrification activity and consequently the N 2 O-N emissions. This result agrees with the outcome of many authors [25, 35, 52, 53] . At the end of the 2016 experiment, the cumulative N 2 O-N emissions measured in V was approximatively 50% lower than in D. This phenomenon suggested that the effect of DMPP was still present. This finding agrees with the effects observed by Reference [54] , who found low and stable NO 3 -N concentrations and increasing NH 4 -N concentration over 120 days after the application of DMPP and ammonium sulphate nitrate. Similarly, Reference [55] observed a significant effect of DMPP added to urea in reducing soil NO 3 -N concentrations for 60 days.
Matching the weather and irrigation data (Figure 1 ), WFPS ( Figure 5 ) and the daily N 2 O emissions ( Figure 2 ), a clear rise in N 2 O emissions was detected when either rain or irrigation occurred, suggesting that abundant water availability likely promoted the denitrification and nitrification process [56] . Moreover, Reference [16] found that the emission peaks in N 2 O occur typically between 0 and about 21 days after spreading and are often triggered by rain. In our study, the effect of soil water content varied between D and V. After the irrigation of June 28th 2016, an emission peak was observed on June 30th 2016, but only in D and not in the V treatment. This suggests that the nitrification inhibition was still active.
The rise on N 2 O emission on June 18th and 20th 2016 was higher in V treatment than in D treatment, although this difference was not statistically significant. These emissions were presumably due to the rise of the mean daily air temperatures and the low values of the WFPS (<40%) that create the suitable conditions for N 2 O-N emissions by nitrification process [56] . The effectiveness of the reduction of the N 2 O emissions with the use of the inhibitors observed in this study was greater compared to the values reported in the meta-analysis conducted by Reference [57] , and in the review of Reference [23] , in which the average reduction due to different inhibitors ranged from 8% to 57%. Recently, the authors of Reference [58] found no evidence about the effectiveness of DMPP added to slurry in Estonia. They also observed WFPS frequently above the 60%, which is recognized by many authors as the value above which N 2 O emissions are associated to denitrification rather than nitrification [7, 56, 59, 60] . Another study, conducted by Reference [51] , showed reduced nitrification activity with DMPP at 40% of WFPS and mean air temperature of 20 • C. In our study, WFPS was generally below 60% and N 2 O-N emissions mostly occurred when WFPS was between 30% and 60% ( Figure 6 ). This result can suggest that the emissions observed in this study were likely due to nitrification. This finding was also confirmed by [61] , who reported that nitrification is an aerobic process and occurs at low to medium soil water content. This result agrees with the N 2 O emissions and the WFPS found by Reference [11] , i.e., 47%, in a maize-base cropping system in the Po Valley. In this environment the nitrification inhibition by DMPP appears indeed to be a feasible strategy for reducing N 2 O emissions.
The cumulative amount of N 2 O emitted in 2016 was much lower than the emission in 2017. The rapid increase of emissions observed in 2017 ( Figure 2 ) could be caused by the combined effect of the larger amount of the nitrogen input, the mean daily air temperature, and the water added by sprinkler irrigation. In 2017, the emissions increased rapidly in response to the high dose of nitrogen injected into the soil at the beginning of the monitoring campaign. In a previous study, the authors of [62] found that N 2 O emissions were positively correlated with air temperature and soil temperature in a long-term experiment and under different fertilization systems. In 2016, the digestate was injected at the devolpement stage corresponding to stem elongation (37 of the BBCH scale) and the effect of temperature appeared to be reduced by the canopy cover. At that stage, the canopy covered most of the inter-row spaces and this likely caused lower solar radiation incidence on the soil surface and consequently lower topsoil temperature. Furthermore, the presence of a developed crop affected the availability of mineral nitrogen in the soil layer [14] .
The effect of BD was also evaluated in this study, under the assumption that it could be a driver in the N 2 O-N emissions. In this respect, Reference [14] reported that soil water content in combination with soil physical properties, such as bulk density and texture are important factors influencing N 2 O emissions, as they determine total porosity and pore size distribution and in turn the diffusion of oxygen into the soil. In this study, BD values (Table 3) , did not show differences between treatments for each analyzed layer.
The EF estimated for V treatment was comparable to the values adopted by the IPCC (1%). In this study, the EF reduction due to DMPP agrees with Reference [34] , who found a reduction up to 70% due to DMPP added to digestate injected into soil under laboratory controlled conditions. The magnitude of the EF values calculated in this study is also consistent with data reported by Reference [11] for irrigated crops in Mediterranean area.
Finally, the effect of the nitrification inhibitors in reducing N 2 O emission in the Po Valley can be determined a potential increase of NH 3 volatilization. This aspect requires a specific study for evaluating the interactions between volatilization and nitrification due to the inhibitors addition to digestate or slurry.
Conclusions
Our study found that the addition of the DMPP-based product Vizura ® to the digestate significantly reduced the cumulative N 2 O emitted to the atmosphere. The DMPP-based product was effective in reducing the N 2 O emission within the experienced ranges of rainfall, air temperature, and N fertilization in the two experimental years, which were typical of the Po Valley in summer. These experiments confirmed the positive effect of DMPP in reducing N 2 O losses if applied and correctly mixed with digestate under different conditions and different amount of fertilizer. The outcome of the present study found that in the investigated environment-mainly characterized by high air temperature and low to medium soil water content during growing season of maize-N 2 O emissions were mainly generated by nitrification. In this context, the inhibition given by DMPP ensures the slowing down of the nitrification rate, which would be otherwise high. Considering its effectiveness in reducing N 2 O emissions, Vizura ® appears to be a valuable solution for decreasing greenhouse gases emissions.
